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Technical Proposal

l. Technical Approach

1. High Throughput Capacity

Targeted RNA-Seq TempO-Seq assays are carried out in 96- well format as requested by the EPA
Contracting Officer or Contracting Officer Representative (COR). Because the assay can accept lysates as
input there is no requirement for RNA purification of sample inputs and the samples are processed in
96-well plates through the entire assay and pooled/sequenced. As an addition only assay, TempO-Seq is
easily automated using established protocols. Compound treated and untreated RNA or lysate (samples
lysed in TempO-Seq lysis buffer) provided by the EPA Contracting Officer or COR are tested when
supplied, together with no-sample and positive process controls. BioSpyder will process the samples
through the TempO-Seq assay, making targeted RNA-seq libraries directly from the cell lysates, perform
sequencing and data analysis, and deliver the data to the EPA Contracting Officer or COR.

The TempO-Seq assay uses a single pair of detector oligos to measure each gene, forming a single
ligated probe/gene. The performance of each probe has been validated, and data can be provided to the
EPA Contracting Officer or COR upon request. Use of TempO-Seq provides the EPA Contracting Officer or
COR the option to request custom attenuation of highly expressed genes. A list of the genes for which
attenuation probes have been validated will be provided to the EPA Contracting Officer or COR to
facilitate a request for custom attenuation. Once attenuated, this custom attenuated version of the
whole transcriptome assay will be available for the EPA Contracting Officer or COR to specify as the
assay used for a specified batch of samples, providing the option to use the current whole transcriptome
assay or the custom attenuated whole transcriptome assay. Additionally, attenuated pools require less
sequencing depth, minimizing the cost and time spent on sequencing. Residual library material not used
for sequencing shall be frozen and shipped to the EPA upon the request of the EPA Contracting Officer
or COR.

2. Reliable Assays

TempO-Seq is a targeted sequencing assay that provides gene expression data with the sensitivity to
measure down to the single-cell level, using either RNA or cell lysates, with the specificity of a single
base at the point of ligation and the ability to measure the whole transcriptome. For the proposed
program, cells will be lysed and the TempO-Seq assay carried out directly using this lysate. TempO-Seq
uses a pair of detector oligos (DOs) that hybridize to target RNAs such that they can be ligated together
on the template RNA to generate DNA probes which are then sequenced. Though a ligation-based assay,
TempO-Seq is very different from any other ligation-based assay, including RASL-Seq (1,2), incorporating
multiple changes that improve performance and provide increased flexibility. TempO-Seq is a capture-
free assay, without the 3’ bias of other ligation-based assays and requirement that the target RNA have
a poly A+ sequence. |(b)(4)

(b)(4)




Multiplexed targeted RNA-sequencing of the whole transcriptome of 21,350 protein coding genes and
assay of RNA:

A. DMSO Replicates. B. Trichostatin A Replicates C. DMSO vs Trichostatin A
£16 16 016

3 c

G12 12 312

~ &

o

S8 8 =

2 =

S 4 s 4

2 =

o)

0 0

©% 4 8 12 6% a4 8 12 16 b 4 8 12 16

Rep 1 Log 2 Counts DMSO Log 2 Counts
Fig 6: Whole Transcriptome TempO-Seq assay of Cell Lysates. Panel A: Correlation
plots of replicates of DMSQO control cell lysates. Panel B: Correlation plots of
replicates of 1 uM Trichostatin A-treated cell lysates, average of 2.6 M reads/sample.

Panel C:. Correlation plot of control versus treated, demonstrating differential
expression.

Fig 6a depicts the reproducibility between replicates of control cells and cells treated with 1 uM
Trichostatin A (Fig 6b) tested as cell lysates in the TempO-Seq whole transcriptome assay, with an
average of 2.6 M reads/sample. Fig 6¢ depicts the differential expression between control and treated
cells. The average CV for expressed genes was <10%.

A. MCF7 Lysate Dilution B. MCF7 RNA Dilution Fig 7 depicts the
gPCR tracings from a
titration of cell
lysates or of RNA to
demonstrate the
practical sensitivity
of the whole
transcriptome
TempO-Seq assay.
From these plots it is

Signal

cT
Fig 7. aPCR Tracings from the Whole Transcriptome TempO-Seq assay of Cell
Lysates from different Numbers of Cells. The gPCR tracings clearly demonstrate the 93 40 cells or 1 ng
sensitivity of the TempO-Seq assay. Panel A is lysate from 4,000, 400 and 40 RNA can be used as
(triplicate) cells, as labeled compared to no sample control. Panel B is that for 100  jnput, though 400
ng RNA, 10 ng RNA, and 1 ng RNA vs no sample control. cells and 10 ng RNA

is a conservatively robust sample size. The figures depicts use of 25 cycles in this experiment, though

apparent that as few




typically the PCR would be carried out to 32 cycles so that the all sample inputs would have saturated,
exhausting the primers in the assay. By using 32 cycles each sample is amplified to an endpoint so that
samples that vary with respect to input (and are within the acceptable range of inputs), will reach
roughly equivalent amounts of amplified product, assuring approximately equal sequencing depth per
sample.
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Fig 8: Whole Transcriptome TempO-
Seq assay versus RNAsegq. MAQC
Universal Reference RNA vs MAQC
Brain RNA were analyzed by the whole
transcriptome  human TempO-Seq
assay, differential expression was
15 quantified by DESeq, and the fold
change detected by TempO-Seq
plotted against RNAseq fold changes
reported in the MAQC study. The
whole transcriptome assay gave an
average of ~2000 reads per expressed
gene, total 33 M reads, and the
RNAseq data had an total of 44 M

reads. The data plotted represent the 12,298 differentially expressed s for which at least a
base mean of 20 reads were detected in the TempO-Seq assay. Fold changes correlation
between TempO-Seq and RNAseq was R?=0.89. The red box surrounds the genes with
the greatest fold change in TempO-Seq assay. from 600 to 12,000 fold change, which in
the RNAseq data exhibited instead the same maximal fold change of ~250 to 525,
suggesting that the dynamic range in fold change difference of RNAseq was capped.

Multiplexed targeted RNA-sequencing of the whole transcriptome of 21,350 protein coding genes and
assay of RNA:

Fig 8 is a correlation plot comparing differentially expressed genes (12,298 were differentially
expressed using a cut-off of 20 counts for the TempO-Seq data) identified using the TempO-Seq whole
transcriptome data to RNAseq data. The samples used to measure differential expression were the
MAQC reference RNA A (Universal Reference RNA) and the MAQC reference RNA B (Brain RNA). RNAseq
data were those reported in public databases for these commercial reference RNA samples. The
correlation was excellent, R>=0.89 (r=0.94), better than that reported (3) for the inter-platform
correlation of HiSeq to lon Torrent of r=0.86 or 0.89, and close to the intra-platform correlation for the
HiSeq of r=0.98 and 0.99. This plot was generated from TempO-Seq data at an average of ~2000
reads/gene (33 M reads/sample) compared to RNAseq at 44 M reads/sample. This correlation plot also
demonstrates the impact of limited RNAseq dynamic range compared to TempO-Seq. As indicated by
the genes within the red box, the genes with the greatest differential expression of 600 to 12,000-fold in
the TempO-Seq assay were all maxed out at a change of ~525-fold in RNAseq, suggesting that biological
differences greater than this cap of ~525 are not accurately measured by RNAseq.

R?=0.89
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Log 2 Fold Difference, RNAseq
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Fig 10 demonstrates that the TempO-Seq assay can identify 1.2 fold differences at a pagjustea<0.05 for
genes with >20 counts. These data were generated using the S1500+v3 surrogate assay implemented by
NIEHS. As described above, unlike a standard p value, the adjusted p value uses a multiple hypothesis
correction (Benjamini-Hochberg) for false positives and is thus more rigorous than the standard p value.
It is the norm for microarray and RNA-seq data, hence this is the approach we took. Using the MAQC
Reference RNAs, mixtures were made such that differential transcript abundance was fixed at 1.2 fold.
Panel A depicts differential expression when comparing Brain vs Brain, a measure of false positives, of
which there are 3, consistent with a p,q;<0.05. Panels B and C show differential genes that are “induced”

a b : ‘ ¢

Fig 10: Detection of Differential Expression at a 1.2-Fold Difference in Transcript Abundance.
MAQC reference RNAs were mixed in different ratios such that differentially expressed transcripts
were 1.2 fold different in abundance. Probes that were differentially expressed between these
mixtures at a p,y<0.05 are colored red. Panel a illustrates the false positives detected when
comparing replicates. Panels b and ¢ show that large numbers of genes are still detectable when
abundance differs by 1.2 fold.




(red symbols, upper right quadrant) or “suppressed” at an adjusted p<0.05 when comparing samples
that differ 1.2-fold difference in abundance. This result demonstrates that the TempO-Seq assay can
readily identify changes in abundance of 20% at an padjusted <0.05. RNAseq cannot identify differences in

expression as small as 1.2-fold.

The TempO-Seq assay is resistant to RNA degradation (Fig 11). RNA was heated to cause degradation, as
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Fig 11. TempO-Seq Resistance to RNA Degradation. Panel A: RNA was

degraded by heating at 95°C. Panel B: correlation plot of RNA heated for
5 min (RIN 7.5) to undegraded RNA (RIN 9.1). Panel C: Correlation plot of
RNA heated for 60 min (RIN 3) to undegraded RNA (RIN 9.1). No DO
exhibited a decrease 2-fold or more due to degradation.

Fig 12. Validation of TempO-Seq Probe Function. Panel A: gDNA was used to

validate the function of probes that do not span an exon junction, Over 99% of
probes passed this QC. Panel B: QC using MAQC RNA to measure function of the
DOs. Those Dos that were not functional against gDNA were functional against

the universalreference RNA, and vice versa.

depicted in Panel A. The
correlation of degraded RNA,
whether RIN of 7.5 (Panel B) or
RIN of 3 (Panel C) to
undegraded RNA (RIN of 9.1)
was excellent, and there were
no genes for which the
abundance changed by greater
than 2-fold due to RNA
degradation.

Probe validation and validation
of the use of a single probe per
ene:

The functional performance of
each DO set is validated using
gDNA (Fig 12) as well as MAQC
universal reference RNA. Panel
A depicts the function of DOs
on gDNA. Over 99% were
functional. To confirm that the
remainder of the DOs were
functional and
independently
confirm the
functionality of most
of the other DOs we
also tested against
the MAQC reference
RNA (Panel B). Those
DOs that failed to
show function on
gDNA were
functional on RNA.
Testing on both
gDNA and RNA is the
end of an iterative
process of probe
refinement. Any



probes that failed to show signal in initial QC tests on both gDNA and RNA are replaced with DOs
measuring the same gene targeting a different sequence of that gene.
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Fig 13. No difference between 3 probes per gene vs 1 probe per
gene. Fold difference in expression between HepG2 and MCF?7
cell lysates were measured in an assay using 3 probes per gene.
The plot depicts the fold change measured by each probe alone
versus the average of all three probes. The correlation was
R2=0.977 for all probes. Analysis of the outliers identified 2 that
targeted repeat sequences, 2 targeted SNP regions, 3 alternate
isoforms, and 1 unknown. With removal of the outliers R2=0.983.

A single DO pair per gene is
sufficient to measure the presence and
amount of each RNA (Fig 13), reducing
the complexity of the library to just
these (50-base long) probes. This was
carried out early in the development
of the assay, and the DO design
software was modified to assure that
there were no probes that targeted
regions of known SNPs, or repeat
sequences, and the isoforms targeted
by each probe are defined.

Absolute sensitivity:

The absolute sensitivity of the TempO-
Seq assay was determined using the
External RNA Controls Consortium
(ERCC) reference RNA (Ambion ERCC
RNA spike-in control Mixes 1 and 2).
These were titrated in a background of
50 ng/uL MAQC Reference RNA and

assayed using a DO cocktail for the ERCC target sequences. The ERCC RNAs are synthetic reference RNAs
that are not present naturally and are supplied in a cocktail containing a range of abundance. Fig 14
presents the regression plots of the abundance of each RNA species in the cocktail vs counts at a
dilutions of 1 x 103, 1 x 10, 1 x 107, and 1 x 10°® for Mix 1 and Mix 2. |(b)(4)

(b)(4)

Fig 14: ERCC RNA Regression Plots of Counts vs Input Abundance. ERCC synthetic RNAs were

initially diluted by 10-*, 10, 10, 10°%, to bring their range close to the limit of detection. Panel A
depicts the TempO-Seq results for different known amounts of RNAs in Mix 1, and panel B shows

the same for Mix 2.|(b)(4)




a w MCF-7
0 MDA-MB-231
©7208
» 3
o 2
oo
5@ 04
S5
302
s
-0
oo oo oo oo oo oo
\QQ ,\Q N ,\Q N Q'\

Percentage of One Cell Line
Diluted in the Other

Fig 15. Detection of One Cell in 100.000.
MCF7 cells were diluted serially in MDA-MB-
231 cells (dark green) or MDA were diluted
serially in MCF7 cells (light green), then
lysed. The horizontal axis indicates the
percentage of the minor cell line in the lysate,
and the vertical axis the fraction of MCF7-
specific or MDA-specific genes detected
above background + 3SD. Results indicate
the abhility to detect 1 in 100,000 cells.

An independent method was used to corroborate this
absolute sensitivity using cell lysates. MCF7 cells and
MDA231 cells were serially diluted into a constant
number of the other cell type each other, then lysed the
mixtures were profiled to identify the specific 14 or 13
genes expressed in MCF7 or MDA231 cells, respectively.
Fig 15 shows that cell-specific transcripts from the minor
cell type were still detectable in a dilution of 1 cell ina
background of 100,000 cells. A set of 7 MCF7 genes
reported to have an abundance from 4 to 2,200
copies/cell gave counts of 3 to 185 above background
(average plus 3SD, indicating that the assay was detecting
as few as ~10 transcripts in cell lysates, consistent with
the ERCC results, but demonstrating this absolute
sensitivity is also a practical sensitivity.

(b)4)

(b)(4)
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Sample Barcoding, Sequence Alignment, and Analysis:

As depicted in Fig 1, dual index sample

barcoding is used, compatible with the (b)(4)

|(b)(4) software of Illumina
sequencers. A set of proprietary barcodes is used. The




sequencer serves as a counter, using the facility
provided by the sequencer software to sort data by
barcode into sample-specific output (providing a

FASTQ output file for each sample).|(b)(4)

(b)(4)

(b)4)

After the data are demultiplexed into separate FASTQ files for each sample by the Illumina sequencer
using the |(b)(4) software and the standard dual indexing lllumina sample sheet and
BioSpyder index sequences, the FASTQ files are aligned to a look-up table “genome” of the known probe
sequences comprising the cocktail used for the whole transcriptome assay using the ultrafast short read
aligner Bowtie and multiple processors to align samples in parallel, generating a table of counts with
each column representing a sample and each row representing a probe. QC metrics are calculated, such
as alignment efficiency, determination of mapped and unmapped reads (Fig 20), sample clustering to

identify that replicate samples used to derive averages, statistics,
[(B)@) land

AU e

Fig 20: Mapped vs Unmapped Reads Across

(b)(4)

assessment of replicate performance. This is output as

a sequencing data quality report.|(b)(4)

QC Samples. Total reads per sample are
aligned to the expected ligated sequences.
Aligned (mapped) reads are shown as a
fraction of the total reads.

(b)4)




Table 1 shows a set of exemplar genes selected from an assay depicting how the output file is organized.

Table 1: Example Data Output File

RMA Input Universal  RMA Input Universal  RMA Input Universal  RMA Input Universal RMN& Input Universal

Probe |D Ref RNA 100 ng rep 1 Ref RNA 100 ng rep 2 Ref RNA 100 ng rep 3 Ref RNA 10 ng rep 1 Ref RNA 10 ng rep 2
RP314_16014 918 1077 1338 1109 018
RPS15_5978 476 461 620 373 281
RPS15A_597% 77 78 71 52 61
RPS16_15091 990 231 1211 204 594
RP317_S080 0 0 o 0 0
RPS17L 5081 13336 11636 17497 8056 6336
RPS13_5082 8322 6377 9957 4301 3981
RPS19_15089 6152 5470 7978 4311 3371
RP319BP1_15609 130 135 204 109 79
RPS2_5083 502 574 683 426 351
RPS20_27810 330 273 404 200 242
RPS20_5987 1 5 1 0 2
RPS21_5088 337 340 436 253 226
RPS23_27811 450 519 702 365 311

The first column lists the gene names, indicating the specific probe used by a unique extension that
indicated the probe sequence. The successive columns are the counts for each gene for each sample, in
this case triplicate samples of gDNA, HepG2 cells, MCF7 cells, or no sample control (water).

Within the software, normalization options are offered, and subsequently, the software can compare
treatments and identify differentially expressed genes. Normalization options include:

¢ Normalization to total counts (b))
(6@ |

¢ Normalization by “size factor”, which is similar to normalizing by total counts but calculates a
geometric mean for each gene across all samples, generates a “reference” sample comprised of
these geometric means, then for each sample calculates a quotient of counts/reference and a

median as the size factor for each sample which is then used for normalization — thus|(0)(4)




(b)4)

¢ Normalization to designated housekeeping genes.

e De novo identification of stable genes (those with low CV between treatments) and using these
stable genes for normalization.

Table 2: Example Data Output File
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The software will perform a simple analysis of normalized data to identify differentially expressed genes

(or modulated genes in the case of comparison of treated to untreated cells). |(b)(4)

(b)(4) Tables 1 and 2 depict the type
of data generated. This is Trichostatin A data for MCF-7 and MDA-MB-231 treated cells and using
universal RNA reference samples as controls. These data also included platform comparison data. Table
1 is raw data, Table 2 (supplementary files) is processed data.




3. Laboratory Practices

BioSpyder has a Qua Iit’)rv4Manag¢=m¢=nt Plan in place which passed an audit by the EPA in 2019. The QA
manager is the CSO,( @) who monitors the assay, manufacturing, and probe design/data
analysis processes, and reviews data before they are delivered to customers. The organization of

’_I%)lo.zm.daun.)-rres independence of QA. Dr. Yeakley reports directly to the CEO, Joel McComb, as does
(b)) he BioSpyder employees that will conduct this work report to|(P)(4) (b)(4)

(b)(4)

(b)(4) All staff have access to the President, either in person, by phone, or by other electronic
means.

The BioSpyder Technologies’ Quality System consists of a Quality Management Plan, project-specific QA

Project Plans, and written SOPs (b)(4)

(b)(4)

Training in SOP’s is done by reviewing work processes with those doing manufacturing, assay processing,
and data analysis. Evidence of adequate training is ensured by observation of processes and inspection
of manufacturing travelers, functional testing of manufactured reagents using standard samples in the
assay, and inspection of resulting data for standard samples.

Service projects are planned by writing a Project Plan that summarizes the genes monitored, the
samples assessed, with sample layouts (including control samples), and the data to be delivered, with
expected performance metrics for passing results. The TempO-Seq assay can be monitored for product
yield in real time, so samples with low yields (or problematic input quality) can be identified
independently of the final sequencing output, which is assessed for performance metrics, with
acceptance criteria for control samples and overall performance defined in the Project Plan.

The QA manager has responsibility for reviewing reports to assure they met SOP standards and QA
standards before the report and data are sent to the client.

The Project Plan will include quantitative criteria for the decision to pass or fail test data for each assay
on a per plate basis. The QC data shall be provided along with the results from analysis of each sample
order/batch.



1. Technical Qualifications, Education, Experience, and Expertise of Key Personnel

* Program Manager 4(b)(4) |(b)(4)

(b)4) is a co-founder of BioSpyder Technologies and currently serves as VP of Research and
Development. She oversees the development program and the execution of projects supported by

grants and contractsl:lmanages experimental planning and troubleshooting, directs research

personnel, collaborates with contractors and customers, and oversees product manufacturing and

service projects. |(b)(4) |

(b)4)

Priorto BioSpydel{ held various positions at lllumina from 2001-2011. She was a key member of a
team that developed a gene expression assay for measuring transcripts in degraded RNA for detection
on an lllumina microarray, and she led product development projects in Molecular Diagnostics, including

the first team to take an Illumina product through FDA 510(k) clearance] |earned a[(®)4) |  (b)@)
(b)(4)

(b)4)

e Senior Laboratory Scientist —

(b)(4) is the Services and Lab Manager at BioSpyder Technologies. She oversees the processing
of all samples received by BioSpyder (b)(4) primary tasks include receiving and storing samples,
creating and designing project plans, physically processing samples, and generating QC metrics/reports.

®)X4) |works closely with|()(4) to process any troubleshooting requests. During sample processing

of calls under|(b)(4) [ |was able to provide 100% of weekly hours to the project and can
continue to do so for future calls] worked on samples and managed processing|(b)(4) |
(&)@ [®)@) |

(b)(4) '

¢ Bioinformatics Scientist — (b))

(b)(4) is the director of Bioinformatics at BioSpyder Technologies. He leads a bioinformatics
team responsible for building and maintaining TempO-SeqR, a software pipeline|(b)(4)

(b)(4) ||(b)(4)

©)@) (b)) ’J

(b)(4)
[(0)®) |®)4) |

(b)(4) worked with BioSpyder staff to generate and perform quality assessments of sequencing data
as well as work with EPA personnel to answer questions, troubleshoot, and build custom gene manifests
for ease of use.



1. Past Performance

(a0

- (b) EPA-BPA-16-D-003

- (d) Blanket Purchase Agreement

- (e) High Throughput transcriptomics work

- (f) $10,000,000

- (g)2017-2020

- (h) Kimberly F. Loesch, Loesch.Kimberly@epa.gov
- (i) Joshua Harrill, harrill.joshua@epa.gov

O

- |(b)(4)

(b)4)







